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Dipole 001 field harmonics coming from superconductor magnetization
1.  Introduction

Like Rep 24, this report calculates field harmonics by Vector Fields Ltd using Opera 2d, with the same superconductor data, but a more realistic representation of the coil and iron geometry.   An attempt is made to estimate the field error coming from iron hysteresis.  The routines used in Opera have also been changed to differentiate between isotropic and anisotropic effects.
Results are compared with Roxie computations and BNL measurements.  
2. Coil and Iron Data.

Rep 24 used the ‘ideal’ RHIC coil, but here the cable is thicker.  According to Ramesh Gupta, [1] this makes the overall size of the coils 0.89mm larger than standard RHIC.  The iron has slots cut into it for venting the helium, as shown in Fig 1 (from [1]) and this produces substantial field errors.
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Fig 1: Opera cross section of Dipole 001

These revised data are included in the Opera file ‘gsi-cen-bh.op2’ produced by Ramesh Gupta and provided by Peter Wanderer (email 24 March 05).  This file was used for all calculations reported here.
In analysing the measurements, we assume that the hysteretic part of the field error is due solely to the superconductor and take the superconductor contribution to any harmonic as:

 
bn = ½ (bn up – bn down)
(1)
where bn up and  bn down are the measured harmonics ramping up and down.  For this to be a valid assumption, the contribution from hysteresis in the iron yoke has to be negligible.  Unfortunately, we don’t yet have the data to do a proper hysteresis computation.  With more imagination than knowledge, I have therefore generated two fictitious unipolar hysteresis loops for the M250-50A steel used in Dipole 0001 using low field data hysteresis from GSI [2] and high field ‘up’ data from IHEP [3].  Fig 2 shows the curves and Appendix 27-1 gives the details.  Extrapolation 1 is a minimum effect, assuming the hysteresis does not extend to high field and extrapolation 2 is a larger effect.  I have no idea if either of these curves represents the actual iron properties, they are just a guess in the absence of real data.
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Fig 2: Measured and extrapolated hysteresis data for steel M250-50A.

3. Superconductor Magnetization 

Appendix 27-2 presents all the formulae used to calculate magnetization of the cable as two independent components, transverse and parallel to the broad face of the cable.  Note that, unlike Report 6-2, this magnetization is expressed in A.m-1.  To compare with the loss calculations detailed in earlier reports, note that the instantaneous loss power per unit volume Pv may be expressed as:
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Key parameters of the cable are listed in Table 1.

For these calculations, the formulae of Appendix 27-2 have been encoded into Opera, unlike Rep 24 where a set of look-up tables was read in.  Another change is that, while the cable terms are calculated from the radial and azimuthal field components, the wire terms are now calculated from the resultant Bmod field.  Using the two separate field components to calculate Jc (as was done previously) gives the wrong answer when the field is aligned nearly perpendicular or parallel to the cable, because a small component in one direction wrongly gives a very high Jc . 

Table 1: Parameters of the Dipole 001 Cable

	cable half width
	c
	4.87E-03
	m

	cable half thickness
	b
	5.83E-04
	m

	cable twist pitch
	p
	7.40E-02
	m

	crossover resistance
	Rc
	6.25E-02
	ohm

	adjacent resistance
	Ra
	6.40E-05
	ohm

	number of strands
	N
	30
	

	wire radius
	aw
	0.3240
	mm

	radius of filament boundary
	afb
	0.2455
	

	cable filling factor
	c
	0.826
	

	wire filling factor
	
	0.872
	

	matrix ratio
	mat
	2.240
	

	filament filling factor
	f
	0.309
	

	wire transverse  resistivity  intercept
	Cet
	1.24E-10
	ohm.m

	wire transverse  resistivity gradient
	met
	9.00E-11
	ohm.m/T

	wire twist pitch
	pw
	4.00E-03
	m

	filament diameter
	df
	6.02E-06
	m

	Modified Kim Anderson J c(B) parameter 
	Jo
	3.50E+10
	Am -2

	Modified Kim Anderson J c(B) parameter
	Bo
	0.149
	Tesla

	Modified Kim Anderson J c(B) parameter
	A0
	5.00E+09
	Am -2

	Modified Kim Anderson J c(B) parameter
	A1
	-7.00E+08
	Am -2T -1

	cooking factor transverse Rc
	ftc
	1.00
	

	cooking factor transverse Ra
	fta
	2.00
	

	cooking factor parallel Ra
	fpa
	1.00
	

	cooking factor hysteresis 
	fh
	1.00
	


4. Results for Iron Hysteresis.

The field errors computed for iron alone, with no magnetization in the superconductor, are detailed in App 27-4 (which gathers data from App 27-6 and App 27-7) and summarized in Table 2.

Table 2: Field harmonics sweeping up and down for two different iron hysteresis extrapolations
 (units of 10-4 at 25mm radius).

	current A
	600A
	1200A
	6000A

	code
	Roxie
	VF
	Roxie
	VF
	Roxie
	VF

	ramp
	up
	up
	up-down
	up
	up
	up-down
	up
	up
	up-down

	central field T
	
	0.375
	-7.6E-05
	
	0.750
	-1.1E-04
	
	3.514
	-5.3E-03

	dip ext1 b0 units
	
	
	-0.210
	
	
	-0.42
	
	
	0.251

	dip ext2 b0 units 
	
	
	-2.017
	
	
	-1.43
	
	
	-15.0

	sext ext1 b3 units 
	-40.4
	-46.8
	0.009
	-40.6
	-46.8
	-0.006
	-80.8
	-89.0
	-0.059

	sext ext2 b3 units 
	
	-46.8
	0.095
	
	-46.8
	0.054
	
	-89.0
	-0.929

	dec ext1 b5 units 
	6.75
	6.96
	0.023
	6.58
	6.96
	0.020
	4.35
	4.89
	0.014

	dec ext2 b5 units
	
	6.75
	-0.007
	
	6.96
	-0.005
	
	4.89
	-0.091


It may be seen that the absolute harmonics are roughly in accord with those computed by Roxie (probably the differences can be explained in terms of the iron data used, but I have not checked this).  Looking at the differences between the up and down curves, it may be seen that (as might be expected) the largest effect is in the dipole term, which I have taken as (b0up-b0down)/b0up.  For the rest, the only significant effect is on the sextupole at full field using extrapolation 2 for the iron.   Note however that this is only an estimate of hysteresis, not a proper calculation, because it assumes all regions of the iron are on the extreme ‘up’ or ‘down’ curves.  One must also remember that the iron in this magnet has a very poor geometry and that extrapolation 2 is pure fiction.  So it seems unlikely that the iron is contributing significantly to the observed up/down difference in harmonics.  Nevertheless, the result does perhaps emphasize our need for good measured data on the iron.

5. Results for Superconductor Magnetization

App 27-6 presents the Vector Fields results [4].  For comparison, App 27-7 lists the Roxie results [5] and App 27-8 lists the BNL measurements [6].  Apart from some reformatting, these sheets are as supplied to me by the authors, but I have added a summary sheet at the front, listing the harmonics at our standard currents of 600A, 1200A and 6000A.  For the Roxie results, linear interpolation was used to get the terms at the defined field points.  For all results, I have defined the sign of harmonic as the change in field during a positive going ramp.  This means that the BNL results are listed as (bup-bdown)/2 – the inverse of the data presented by Animesh.   This definition certainly helped me to sort out some initial confusion, so I hope everyone likes it.  Finally, App 27-5 collects all the summaries together and combines them to obtain Table 3.  All results are the change in harmonic produced by the superconductor (ie the iron alone term has been subtracted) and are in units of 10-4 Bo at 25mm radius.  
The first two lines of each box are the VF computed harmonics for filament hysteresis and inter-filament coupling.  Where Roxie results are available, the sum of these terms is shown in green for comparison.

The next VF term is the harmonic coming from Rc and Ra  coupling between strands in the cable induced by transverse field.   Following is the harmonic coming from Ra  coupling between strands in the cable induced by parallel field.
‘VF sum’ is the sum total of all the terms listed and ‘VF all’ is the result computed directly by Opera with all the superconductor terms switched on together.  Of course these two terms should be equal and the slight difference between them may perhaps be taken as a measure of the accuracy of the calculation.  Finally the BNL measurements in red, which should be compared with the ‘VF all’ in blue.
Looking first at the dipole terms, we see that VF transverse field cable term is actually in opposition to the rest.  At first sight, this is a surprising result, but further work described in the next section seems to show that it is reasonable.  There is almost no agreement with the BNL measured dipole terms and, unlike the computed values, the measurements do not seem to show any plausible trend with field or ramp rate (BNL please comment on the accuracy of the dipole terms).

For the sextupole, there is excellent agreement between Opera and Roxie on the hysteresis and inter-filament coupling terms, and they agree quite well with the measurements.  However, the VF cable transverse field coupling term is again in opposition to the rest, so that adding it in takes the total further away from the measured value. 

The DC decapole terms are not too far away from the measured values, but the 2T/s terms are quite different.  Whereas both Opera and Roxie predict a reduction in decapole when ramping, the measurements show a large increase.  It is difficult to believe that superconductor coupling, which is rather smoothly distributed over the winding, could be giving such a strong decapole effect.  So could this measurement be telling us something about a local eddy current effect somewhere in the magnet?  Is it related to the large measured dipole term?   Perhaps they could all be caused by the source of the missing Joules?  I suggest a very careful inspection of the magnet and structure when the next opportunity arises, with this possibility in mind.

The 14 pole terms are in fair agreement with measurement.

Table 3: Summary of computed and measured harmonics (units of 10-4 Bo at 25mm radius)
	Current A
	600
	1200
	6000

	Field T
	0.375
	0.750
	3.514

	
	DC
	2T/s
	DC
	2T/s
	DC
	2T/s

	Dipole
	VF hyst 
	-8.86
	-8.86
	-3.16
	-3.16
	-0.184
	-0.184

	
	VF fil coupl
	
	-2.89
	
	-1.23
	
	-0.077

	
	VF trans 
	
	3.80
	
	1.92
	
	0.479

	
	VF parl
	
	-0.06
	
	-0.03
	
	-0.005

	
	VF sum
	-8.86
	-8.01
	-3.16
	-2.50
	-0.184
	0.213

	
	VF all
	-8.86
	-8.20
	-3.16
	-2.53
	-0.184
	0.213

	
	BNL meas
	-1.71
	-41.05
	-2.12
	-9.82
	-16.72
	-4.14

	Sextupole
	VF hyst 
	-6.77
	-6.77
	-2.45
	-2.45
	-0.240
	-0.240

	
	VF fil coupl
	
	-1.60
	
	-0.693
	
	-0.076

	
	VF trans 
	
	1.03
	
	0.519
	
	0.091

	
	VF parl
	
	-0.026
	
	-0.013
	
	-0.003

	
	VF hys + fil
	-6.77
	-8.37
	-2.45
	-3.15
	-0.24
	-0.316

	
	Roxie
	-6.75
	-8.26
	-2.59
	-3.24
	-0.280
	-0.347

	
	VF sum
	-6.77
	-7.37
	-2.45
	-2.64
	-0.240
	-0.228

	
	VF all
	-6.77
	-7.50
	-2.45
	-2.66
	-0.240
	-0.229

	
	BNL meas
	-5.89
	-9.60
	-2.12
	-3.64
	-0.461
	-0.564

	Decapole
	VF hyst 
	-0.575
	-0.575
	-0.240
	-0.240
	-0.032
	-0.032

	
	VF fil coupl
	
	0.238
	
	0.092
	
	0.006

	
	VF trans 
	
	-0.087
	
	-0.044
	
	-0.012

	
	VF parl
	
	0.004
	
	0.002
	
	0.000

	
	VF hys + fil
	-0.575
	-0.337
	-0.240
	-0.148
	-0.032
	-0.026

	
	Roxie
	-0.389
	-0.168
	-0.233
	-0.148
	-0.045
	-0.043

	
	VF sum
	-0.575
	-0.420
	-0.240
	-0.189
	-0.032
	-0.038

	
	VF all
	-0.575
	-0.442
	-0.240
	-0.194
	-0.032
	-0.038

	
	BNL meas
	-0.282
	-1.917
	-0.188
	-1.090
	-0.019
	-0.208

	14 pole
	VF hyst 
	-0.395
	-0.395
	-0.151
	-0.151
	-0.015
	-0.015

	
	VF fil coupl
	
	-0.069
	
	-0.029
	
	-0.003

	
	VF trans 
	
	0.015
	
	0.007
	
	0.002

	
	VF parl
	
	-0.001
	
	0.000
	
	0.000

	
	VF sum
	-0.395
	-0.451
	-0.151
	-0.173
	-0.015
	-0.017

	
	VF all
	-0.395
	-0.456
	-0.151
	-0.174
	-0.015
	-0.017

	
	BNL meas
	-0.282
	-0.546
	-0.128
	-0.296
	-0.007
	-0.077


6 Additional work on cable coupling

At first sight, it seems unreasonable that magnetization coming from transverse field inter-strand coupling should produce a harmonic which is opposite to the rest.  Particularly for the dipole term one might expect that, as both terms act in a way to oppose the changing field (Lenz law) they should both produce a harmonic in the same direction.  Indeed I admit that, in the first instance, I was quite convinced that VF were wrong.

To investigate this paradox, VF ran some more test cases [7] in which the cable magnetization was set to be uniform in the radial or the azimuthal directions as shown in Fig 3.   
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Fig 3: Dipole 001 with uniform radial or azimuthal magnetization
Table 4 presents the results, showing that a uniform radial magnetization reduces the dipole field, whereas a uniform azimuthal field increases the dipole component.  Pictorially, one may perhaps think in terms of ‘pushing flux into the aperture or pulling it out’.  Azimuthal magnetization has only a small effect on the higher order terms.  In the light of this data, the results of Table 3 do not seem so implausible.
Table 4: Computed harmonics at 1200A with uniform radial/azimuthal magnetization 
(units of 10-4 at 30mm)
	
	dipole
	sextupole
	decapole

	Uniform radial magnetisation
	-12.65
	-9.09
	-1.38

	Uniform azimuthal magnetisation
	8.59
	-0.25
	0.05


Another comparison is shown in Table 5, which quotes some data from [8] for the harmonics with filament hysteresis (radial and azimuthal magnetization) or interstrand coupling via Rc (purely azimuthal).  Again it may be seen that the azimuthal (transverse field) magnetization gives a positive dipole term, but has less effect on the higher orders.  
Table 5: Computed harmonics in LHC ‘White Book’ dipole
(at 0.58T units of 10-4 at 10mm radius)
	
	filament hysteresis
	interstrand coupling

	dipole
	-10.81
	77.2

	sextupole 
	-3.57
	2.11

	decapole 
	0.179
	-0.074


7. Concluding Remarks

Firstly, for the iron alone, we see that hysteresis does not seem to produce strong harmonics, even with this very bad iron geometry.  Nevertheless, the sextupole term produced by ‘extrapolation 2’ iron shows that there is some effect and, I suggest, emphasizes the need for a measurement of iron hysteresis up to high field.

For the superconductor effects, it seems that we can make reasonable predictions using our measured and calculate superconductor data.  On closer investigation, the (initially) counter intuitive effect of transverse field inter-filament coupling seems to be quite reasonable.  For hysteresis and filament magnetization, Opera and Roxie are in reasonable agreement with each other.

The discrepancy between calculated and measured dipole and decapole terms at 2T/s is more than a calculation inaccuracy and could be telling us something important about the magnet – it may indeed be related to the ‘missing Joules’.  Generalizing from this observation, I suggest that comparing measured and calculated field harmonics will provide a good diagnostic tool for all future magnets – both development and production.  DC effects should tell us about geometrical errors and ramping effects should tell us about shorted turns, lossey joints and short circuits in the iron or structure.   
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